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Abstract 
Increasing energy costs as well as a growing awareness for sustainability are challenging companies to use energy more efficiently. Therefore, 
a company’s production planning and control strategies have to be adapted. This paper presents a method for a short-term production control 
which aims to synchronize the energy demand in manufacturing with a limited energy supply. The method treats electric energy as a limited 
production capacity where load profiles for manufacturing are predetermined and integrates load management into the production control in 
order to minimize energy costs. 
© 2016 The Authors. Published by Elsevier B.V. 
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Nomenclature 
Ci,0 Current level of buffer i 
Ci,max Maximum capacity of buffer i 
tC,i=0 Time to empty buffer i 
tC,i=max Time to fill buffer i 
top,max,j Maximum operating time of measure j 
tact,j Activating time of measure j 
Pk Power demand of operating state k 
CTk Cycle time of operating state k 
1. Introduction 
Due to the nuclear phase-out, the energy system in 
Germany is changing. Baseload power plants are substituted 
by an increased share of renewable energy sources, mainly 
wind and solar power [1]. This ongoing process has led to a 
rise in costs for electric energy for industrial consumers of 
roughly 150 % in the last 15 years [2]. Also, the power 
generation by wind turbines and photovoltaics is volatile 
which can lead to significant differences in regional power 
generation and to discrepancies between energy supply and 
energy demand. As a result of the volatility, the stability of 
the power grid may be compromised and short-term energy 
prices, e.g. the EPEX SPOT, show increasing fluctuation [3]. 
Since the energy grid has to be in balance at every time, 
flexibility on the demand side gains importance to cope with 
volatile energy supply. While formerly the power generation 
was adjusted to the prospective power demand, this premise is 
now reversed. Flexible consumers which are capable of 
shifting their loads from peak to off-peak hours may 
contribute to the stability of the power grid. Also, since 
energy prices in off-peak hours are typically lower, these 
consumers may gain a financial benefit [4]. This form of 
Demand Side Management (DSM) is especially attractive for 
industrial consumers because they can shift loads at a larger 
scale than domestic homes. Therefore, time variable energy 
prices should be considered in a company’s production 
planning [5]. 
2. Minimization of energy costs by production planning 
and control 
In order to benefit from time variable prices, the 
purchasing of energy must be integrated into a company’s 
production planning process. During production planning 
machine schedules are created which in turn determine the 
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energy demand of the company. If variable energy prices are 
considered in production planning, the machine schedule as 
well as the company’s energy purchase can be adapted 
mutually to minimize energy costs [6].  
Therefore, in addition to a machine schedule an energy 
schedule is created which defines the availability of electric 
energy for a given period. This schedule is generated using 
different tariffs like baseload tariffs, peak tariffs or spot 
market blocks. For this article, it is assumed that the energy 
schedule is fixated on the day prior to the manufacturing 
process at the latest. This is due to the fact that the intraday 
market in Germany shows high fluctuation in energy prices 
which in turn increases the price risk. Figure 1 shows an 
example of an energy schedule which determines the 
availability of electric energy for manufacturing. For every 
period of 15 minutes a mean power demand is specified. 
 
Figure 1: Energy schedule 
Since energy suppliers rely on accurate schedules for their 
own processes, consumers who deviate from their schedule at 
any time are charged with penalties. This means that 
consumers who either use more energy or less in any 15 min. 
interval have to expect additional energy costs. This way, 
electric energy becomes a quasi-limited capacity for 
manufacturing comparable to machine capacity and therefore 
has to be considered during the production control process. 
The capacity is quasi-limited because from the perspective of 
a single company the availability of electric energy is not 
limited technically but costs for penalties might be 
disproportionately high. 
2.1. Cost modelling 
To describe costs associated with deviations from the 
schedule, the following cost model is proposed in Figure 2. 
For each 15 min. interval an amount of electric energy E0,i is 
purchased at the lowest possible price C0,i. The amount may 
also be presented as a mean power demand ØP0,i during this 
interval. 
Deviations from the mean power demand might occur in 
many ways. For example if the operating time for a specific 
job is longer than planned the power demand will be 
increased or if a machine breaks down the demand will be 
decreased. When positive or negative deviations are expected 
during this interval, the difference between planned and actual 
power demand has to be evened out by purchasing or selling 
the amount of energy on the intraday market at the current 
price cSpot. Otherwise, the consumer is charged with cost 
penalties cAEP. In order to trade on the intraday market, the 
deviation must be known in advance, e.g. in Germany the 
trade must be made 45 minutes prior to delivery.  
However, energy suppliers typically allow deviations from 
the schedule within a tolerance of few percent. This corridor 
(αug, αog) might be widened if energy self-supply is used 
which may increase or decrease its power generation for a 
short time period.  
 
Figure 2: Cost model for a 15 minute interval 
Since spot market prices usually fluctuate throughout the 
day, this cost model has to be evaluated for each single 15 
minute interval separately. An energy-oriented production 
control should consider each interval and minimize overall 
costs, i.e. minimize the sum of additional costs for deviations 
of all intervals. 
The goal for energy-oriented production control described 
in this article is to minimize deviations in energy consumption 
from a given energy schedule in manufacturing in order to 
minimize energy costs.   
3. Energy-oriented production control 
3.1. Tasks of production control 
Lödding has developed a model to describe the tasks of 
regular production control which is shown in Figure 3 [7]. 
The task order generation on the left side of Figure 3 defines 
the planned values as well as targets for manufacturing and is 
typically part of the production planning process. According 
to Lödding production control is composed of the tasks order 
release, capacity control and sequencing. 
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The task order release sets the actual dates as well as the 
sequence in which jobs enter manufacturing and thereby 
defines the actual input. Capacity control regulates the short-
term availability of the capacities on the shop floor, i.e. work 
stations or personnel which in turn influences the actual 
output. During sequencing the actual sequence in which jobs 
are processed by a single work station is determined. The 
objective of conventional production control is to adjust the 
actual input, output and sequence in a way that targets for 
Work-in-Progress (WIP), throughput time, utilization of work 
stations or schedule reliability are met [7]. 
 
 
 
Figure 3: Model of production control on the basis of [7] 
3.2. Integration of energy costs as a target 
Since regular production control does not address energy 
costs, the proposed model should be expanded as shown in 
Figure 3. As described by the cost model, production control 
may be used to reduce energy cost by minimizing deviations 
in energy consumption. The planned values for the load 
profile are defined during order generation by calculating the 
energy schedule.  
Since order release, capacity control and sequencing all 
influence the actual machine schedule, i.e. the point in time 
and sequence in which specific orders are processed on the 
shop floor, these tasks thereby also influence the actual load 
profile of manufacturing assuming that there is a significant 
difference in the amount of time and energy needed for the 
individual orders. Therefore, these tasks may be used to 
minimize the consumption deviation. An approach for an 
energy-oriented order release was presented by the authors in 
[8]. 
Additionally, load management can be integrated into 
production control as a new task. In this case, load 
management describes all means of adjusting the load profile 
which are not part of the regular order processing within 
manufacturing. For example, this includes the operation of 
peripheral processes such as HVAC (i.e. heating, ventilation 
and air conditioning) systems or energy storages as well as the 
interruption of non-essential manufacturing processes. 
Thereby it is assumed that load management will not 
compromise WIP, throughput time and schedule reliability of 
essential manufacturing processes. 
The idea behind this additional task is that most energy at a 
production site is used either for work stations or peripheral 
systems of the manufacturing process. Measures for load 
management at a production site will therefore most likely be 
implemented in manufacturing. Also, load management 
affects the same variable as the other tasks, i.e. the actual load 
profile and the deviation respectively. Therefore, it seems 
reasonable to incorporate load management as part of 
production control. 
4. Method for an energy-oriented production control 
Given the objective of an energy-oriented production 
control, a method is proposed to integrate load management 
as an additional task. This method does not substitute 
common tasks of production control, but is rather designed as 
an add-on, i.e. it might be used in combination with regular 
production control which serves to achieve logistical targets. 
As shown in Figure 4 the method requires input 
information from production planning, from the energy 
supplier as well as from the shop floor. 
 
 
Figure 4: Method for load management as part of production control 
Production planning (A) provides the target values for the 
manufacturing process. These targets include a machine 
schedule determining the jobs planned for each work station 
as well as an energy schedule specifying how much energy is 
allotted for each 15 min. interval of the day. From the 
manufacturing shop floor (B) operating data and additional 
feedback such as disruption reports are acquired. 
Additionally, the energy supplier (C) provides the prospective 
energy prices as well as information for the dispatch of 
demand response measures.  
Within the first module data acquisition (1) the described 
input data is gathered and evaluated. Therefore, interfaces to 
production planning, the shop floor and the energy supplier 
are needed. This is discussed in more detail in the following 
chapter.  
The data is then preprocessed according to the 
requirements of the following modules. Operating data and 
responses from the shop floor are processed to determine the 
progress of single jobs and which state single machines are in. 
Energy measurements from the shop floor are correlated with 
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this operating data to monitor the energy consumption of jobs.  
Furthermore, the filling level of energy storages and material 
buffers are evaluated as they may be used for load 
management. 
Afterwards, in demand monitoring (2) the gathered 
information is used to forecast the load profile for the 
remainder of the day. The operating data as well as disruption 
reports, e.g. machine down time or missing material, are used 
to update the machine schedule and account for any changes 
in manufacturing. Given the updated schedule the load profile 
is forecast using the master data for the energy consumption 
of each job from production planning. Afterwards, the load 
forecast is compared to the energy schedule in order to 
identify deviations within any of the specified 15 min. 
intervals. Each deviation may be evaluated for the associated 
costs using the proposed cost model. 
Meanwhile, the module measure planning (3) generates a 
portfolio of load management measures to counteract these 
deviations. The initial point for this module is a generic 
catalogue of measures. Examples of possible load 
management measures which may be considered by the 
presented method are switching on and off peripheral process 
such as the ventilation or air-conditioning system, 
compressors, pumps or other consumers surrounding the 
manufacturing process. Additionally, an approach to calculate 
load management measures from buffers within the material 
flow by increasing or decreasing the intensity of work stations 
is discussed in chapter 6. 
Using the actual values from the shop floor it is evaluated 
which of these measures may be executed at the current point 
in time. For example, an energy storage might be installed at 
the production site. But if the storage is empty, it is not 
available for load management at the moment. 
All possible measures are quantified in regard to their load 
shifting potential ΔP as well as their temporal dimensions 
which are primarily defined by the activation time of a 
measure tact and the time span for activation top,max. These 
quantified measures form the load management portfolio for a 
point in time. 
While demand monitoring indicates the need for load 
management, measure planning specifies the current 
possibilities for load management. Both are combined in the 
module load control (4). Within this module measures are 
selected and implemented in order to compensate the 
identified deviations.  
Given the anticipated deviations weighted by their costs, 
the point in time for activating a specific measure as well as 
their operation time is calculated. Since the potential for load 
management is typically limited, it might not be possible to 
counteract each single deviation. Therefore, the objective is to 
minimize the overall costs for deviations using a best fit 
approach. Deviations during intervals with high energy prices 
have a higher priority for load control. 
Using this method it is expected that load management can 
be integrated in production control as an additional task. 
While the regular tasks order release, capacity control and 
sequencing primarily serve to achieve logistical targets, load 
management can be used to aim for a reduction in energy 
costs. 
Following this overview of the entire method, the first 
results regarding data acquisition and measure definition are 
presented. The modules demand monitoring and load control 
will be the focus of upcoming work.    
5. Data acquisition 
Since an energy-oriented production control requires 
additional data from the shop floor, production planning and 
the energy supplier, the reference architecture presented in 
Figure 5 was developed for IT systems in manufacturing.  
Production planning as part of the enterprise control level 
is expanded by an energy demand planning which calculates 
the energy schedules as well as energy sourcing which 
purchases energy according to the schedule. This requires an 
interface to the energy supplier (A) in order to communicate 
prices for different tariffs as well as purchase orders. 
Furthermore, additional master data including planned values 
for energy consumption is needed for the planning process 
(B). This master data includes a mean power demand for 
single jobs and machine states. A possible approach to 
generate this data is given by Weinert [9]. As product of the 
mean power demand and the operating time of a job its 
prospective energy consumption can be calculated for 
production planning and control [6]. As a result, a machine 
and an energy schedule are provided to the manufacturing 
control level (C).  
 
 
Figure 5: Reference architecture for an energy-oriented production control 
On this level, the energy-oriented production control is 
executed using the same master data as production planning 
(B). In addition to conventional operating data, actual values 
for power demand or energy consumption are acquired from 
machines on the shop floor, the building equipment, e.g. 
HVAC, energy storages as well as any external measuring 
devices (D). To simplify data acquisition, it is advisable to use 
a standard protocol such as OPC Unified Architecture (UA) 
which can be amended to include energy data [10]. This data 
forms the basis for the control process. Another interface to 
the shop floor is needed controlling the operational states of 
the equipment in regard to their energy consumption, for 
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example switching to stand-by mode or unloading an energy 
storage. This may also be implemented by using OPC UA (E).  
As part of the production control it is also possible to 
purchase or sell energy on the spot market. Therefore, a 
second interface to the energy supplier is needed to allow 
short term trading. This interface is used to communicate 
current spot market prices as well as short term buying or 
selling orders. 
Using this reference model and implementing the 
described interfaces in manufacturing IT systems, e.g. 
Enterprise Resource Planning or Manufacturing Execution 
Systems, the proposed method for energy-oriented production 
control might be employed.  
6. Identification of load management measures 
Even though penalties for deviations from an energy 
schedule might be severe, it is likely that penalties for 
shipping delays or opportunity costs due to low utilization of 
equipment are higher. Therefore, load management measures 
should not be detrimental to the manufacturing process, i.e. 
the equipment used for load management should be 
uncoupled from the material flow. In general there are two 
ways to achieve this: either the measures are used on 
peripheral equipment such as HVAC, which has no direct 
impact on the manufacturing process, or they are used on 
equipment which is uncoupled from the material flow by 
buffers [11].  
When focusing on the latter aspect, descriptions of buffers 
and their filling level can be used to identify and quantify load 
management measures on the shop floor. Figure 6 depicts a 
model of a work station as it may be present in job shop with 
a queue line in front of it and a buffer behind it. If different 
operating states, e.g. stand-by, increased or decreased 
intensity, are available for this work station, each operating 
state corresponds to a specific cycle time for processing a 
single part of the current job.  
 
Figure 6: Model of a work station 
The cycle time also specifies when the next part is taken 
out of the queue and the next finished part is transported into 
the buffer. Since load management measures change the cycle 
time of a work station, they also influence the filling level of 
buffer and queue. If a work station is set from working to 
stand-by the cycle time increases, i.e. CTstand-by = ∞. 
Therefore, parts will pile up in the queue until it is full while 
the buffer will be emptied. For example, one work station 
might be a machine tool which operates at a given cycle time. 
The processed parts are then assembled at the following work 
station. If the cycle time of the machine tool and the assembly 
are synchronized, the level of the buffer between the stations 
remains unchanged. However, if the machine tool is set to 
stand-by as a load management measure, no more parts are 
being processed and the power demand is drastically reduced. 
The following assembly can still be carried out as long as 
there are parts in the buffer. Thereby, the throughput of these 
processing steps is maintained. 
This way the maximum operating time top,max for a measure 
can be calculated from the maximum and a minimum filling 
level of queue and buffer using the following formula: 
 
ǡǡൌ ቊ
൫ǡൌͲǡǡൌ൯ò൏Ͳ
൫ǡൌǡǡൌͲ൯ò൐Ͳ
                                (1)
ǡൌͲൌǡͲȗ ൬ ͳ Ǧ
ͳ
൰
Ǧͳ
ò൐                         (2) 
ǡൌൌ൫ǡǦǡͲ൯ȗ ൬ ͳ Ǧ
ͳ
൰
Ǧͳ
ò൏                    (3) 
 
How much load is shifted using a single measure is 
determined by the difference in power demand between the 
corresponding operating states.  
 
οǡͲൌǦͲ                                                                                        (4) 
 
With formula (2) and (3) it is possible to calculate the 
temporal dimensions of potential load management measures 
within the material flow. An example is represented in the 
lower right corner of Figure 6. 
6.1. The load management envelope 
Each load management measure is described as a block 
with the dimensions ΔP and Δt assuming:  
 
οൌǡǡǦǡ                                                                              (5) 
 
After all relevant measures within the material flow and 
the peripheral processes are defined, they can be sorted by 
their sign as well as their activation time. Starting from a base 
power level Pbase these measures can be built up starting with 
the lowest value of tact to form the stepped diagram shown in 
Figure 7. This diagram can be interpreted as an envelope for 
load management measures similar to an envelope for 
capacity adjustment described in [12, 13]. 
The envelope provides a clear representation the maximum 
positive or negative load shifting potential at any point in 
time. Mathematically it can be expressed by the following 
formula with n denoting the number of possible measures: 
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The integral underneath the envelope denotes the overall 
load management potential for a given time period t1 which 
can be calculated as: 
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Figure 7: Load management envelope 
As a graphical illustration of the load management 
portfolio the envelope can assist if load control is done 
manually by helping a user to choose the appropriate measure. 
Also it can be used to derive thresholds of load management. 
If deviations occur which surpass the load management 
potential indicated by the envelope, these deviations cannot be 
counteracted. Therefore, the missing or excess energy which 
exceeds the envelope should be traded on the spot market. 
This load management envelope forms the basis for the 
further development of the load control strategy. 
7. Summary 
In this article, the role of production control for minimizing 
energy costs is discussed. Given an energy schedule which 
specifies the availability of electric energy for a single day, a 
cost model was derived describing how deviations from the 
schedule influence the energy costs.  
In order to reduce such deviations the conventional model 
of production control was expanded to include energy costs as 
a new target as well as load management as an additional task. 
Since existing approaches for production control do not 
consider load management, a method was presented for a 
systematic short-term load control within manufacturing. 
Following the step data acquisition, demand monitoring, 
measure planning and load control, this method may be used 
to reduce deviations from a given energy schedule.  
Each of these steps was described and first results were 
shown. These include a reference architecture for data 
acquisition which can be used as a guideline to customize IT 
systems in manufacturing. Also a method was described to 
calculate load management measures from buffers within the 
material flow and deriving a load management envelope as a 
representation of the load shifting potential for a given point 
in time. 
Further activities will focus on demand monitoring to 
forecast deviations from an energy schedule. This prognosis 
as well as the portfolio of measures described by the load 
management envelope will form the basis for an algorithm 
which will automatically select appropriate measures to 
counteract anticipated deviations. 
Acknowledgments 
The authors would like to thank the Bavarian Research 
Foundation for funding the research. The results presented in 
this paper have been achieved within the scope of the project 
“FOREnergy”. 
References 
[1] Bundesnetzagentur für Elektrizität, Gas, Telekommunikation, Post und 
Eisenbahnen; Bundeskartellamt: Monitoringbericht 2015. Berlin: 2015. 
[2] BDEW: Strompreisanalyse Juni 2014 – Haushalte und Industrie. BDEW, 
Berlin, 2014. 
[3] EPEX: http://www.epexspot.com/de/, abgerufen am 01.12.2015. 
[4] Graßl M, Reinhart G. Evaluationg measures for adapting the energy 
demand of a production system to volatle energy prices. Procedia CIRP 
2014;15:129-134..  
[5] Große Böckmann M. Senkung der Produktionskosten durch Gestal-tung 
eines Energieregelkreis-Konzeptes. Ph.D. thesis. Aachen: Apprimus 
Verlag, 2014. 
[6] Keller F., Schönborn C, Reinhart G. Energy-orientated Machine 
Scheduling for Hybrid Flow Shops. Proceedings of the 22nd CIRP 
conference on Life Cycle Engineering, April 07.- 09, 2015, Sydney. 
[7] Lödding H. Handbook of Manufacturing Control – Fundamentals, 
Description, Configuration. 1st ed. Heidelberg New York Dordrecht 
London: Springer; 2013.   
[8] Schultz C, Sellmaier P, Reinhart G. An approach for energy-oriented 
production control using energy flexibility. Proceedings of the 22nd CIRP 
conference on Life Cycle Engineering, April 07.- 09, 2015, Sydney. 
[9] Weinert N, Chiotellis S, Seliger G. Methodology for planning and 
operating energy-efficient production systems. CIRP Annals - 
Manufacturing Technology 2011;60:41- 44. 
[10] Neugebauer R, Putz M, Schlegel A, Franz E, Langer T, Lorenz S. 
Energy-sensitive production control in mixed model manufacturing 
processes. Proceedings of the 19th CIRP Conference on Life Cycle 
Engineering, May 23 - 25, 2012, Berkeley. 
[11] Fernandez M, Li L, Sun Z. “Just-for-Peak” buffer inventory for peak 
electricity demnad reduction of manufacturing systems. Int. J. Production 
Economics 2013;146:178-184. 
[12] Wiendahl H-P, Breithaupt J-W. Automatic production control applying 
control theory. Int. J. Production Economics 53 (2000) 33-46.  
[13] Gottschalk L. Flexibilitätsprofile – Analyse und Konfiguration von 
Strategien zur Kapazitätsanpassung in der industriellen Produktion. 
Zürich: Eigenverlag, 2005. 
 
 
 
P / kW
ΔP5
t / min 
ΔP4
top, max, 5tact, 5
tact,i : activation timeLegend:
ΔPi : load shifting potential : Unload storage
: Switch off ventilation
Examples of measures
tact, 4
1
2
3
4
5
: Increase intensity
: Switch on compressor
: Switch on AC
1
3
4
2
5
: positive envelope
: negative envelope
Pbase
Pbase : current power level
